During extravehicular activities (EVA) astronauts are exposed to intense radiation from solar flare events (SFE). Hence, the radiation shielding efficacy of space suits, in particular the helmets and extra vehicular visor assembly (EVVA) are imperative to safety of astronauts and ultimate success of the space mission. At West German Proton Therapy Centre Essen (WPE) we have replicated the historical solar flare spectra by manipulating the treatment planning system (TPS) of the 230 MeV proton-therapy cyclotron and developed novel proton irradiation and dosimetry methods for the testing of space borne devices as mentioned above. We have used a single foil of radiochromic film (type EBT 2) to estimate the proton depth dose distribution in the human eye. The optimal thickness of EVVA (acryl glass) for the protection from solar flares was estimated to be 2.35 cm. A maximum SFE proton dose up to 20 Gy found to be well assessed using the EBT 2 films.
Introduction

1
The solar flare events (SFE), composed of protons of a wide energy distribution are highly sporadic. During space mission astronauts often undertake extravehicular activities (EVA). For example during construction and maintenance of International Space Station (ISS), placed in the orbit at 51.6 degrees inclination the astronauts are exposed to intense, life-threatening radiation from SFE. Hence, the radiological shielding efficacy of space suit and extravehicular visor assembly (EVVA) become highly imperative to human space missions [1] .
The quality testing of space suits and helmets of both US American and Russian origins using conventional X-ray CT scan and a 155 MeV synchrotron produced proton beam at Loma Linda University has been described elsewhere [2] . A research group at Francis H. Burr Proton Therapy Center reported the construction and operation principle of a dedicated rotating range modulator wheel for solar flare simulation [3] .
At WPE we have replicated the historical solar flare spectra [4, 5] (Figure 1 ) by manipulating the treatment planning system (TPS) [6] of 230 MeV proton therapy cyclotron and developed a novel solar flare simulation facility and dosimetry technique using radiochromic films. We have planned to use the system for the testing of smaller space borne devices like helmets and EVVA. *Corresponding author. Email: bhamukh@gmail.com Figure 1 . Historical solar flare event (SFE) spectra adopted from literature [4] . The spectra have been binned for the purpose of proton dose calculations.
Materials and methods 2
Ocular proton dosimetry
Prior to our own irradiation experiment at WPE cyclotron we have established the method proton dose calculation in the most radiosensitive part of the eye, i.e. the lens as highlighted in Figure 2 (left). We created a physical dosimetry model by replacing the lens and cornea-aqueous humor with 2mm and 4mm thick polystyrene plates respectively (right). The occupational §Research Fellow, The University of Sydney, Australia ARTICLE DOI: 10.15669/pnst. 4.285 dose limit for eye was considered to be 150 mSv/year [7] . The proton dose (D P ) and average LET (LET av ) in eye Lens (soft tissue equivalent) were calculated according to equations 1 and 2 respectively.
Where, , and represent the cross sectional area (0.79 cm 2 ), mass (314 mg) and thickness of the lens respectively [7] . ΔE i and φ i stand for energy loss of protons of i th bin in the lens and corresponding proton fluence respectively.
Proton irradiation at WPE cyclotron
Utilizing the uniform scanning (US) treatment modality on IBA universal nozzle we have developed the proton irradiation set up as depicted in Figure 3 . For the SFE simulation experiment we have used a polyethylene (water/tissue equivalent) plate phantom made of a stack of 30 plates (25×25 cm 2 ). The phantom was placed on the patient positioning system (PPS) and irradiated laterally, by rotating the beam delivery nozzle at 272 o with vertical plane. A 10×10 cm 2 proton field at uniform scanning (US) mode was implemented. The proton energy variation was carried out using the range shifter device of the energy selection system (ESS) located at the Proteus 230 Medical Cyclotron. The cyclotron was situated in an adequately shielded bunker at a distance of about 110 m from the irradiation set up ( Figure 3 ). The entire irradiation procedure, including beam direction adjustment, phantom-positioning on the PPS (Figure 3 ) as well as proton energy variation were performed by programming the treatment planning system (TPS) similar to a typical cancer therapy protocol with protons [6] .
The proton dose calibration was performed by using a single sheet (19×25 cm 2 ) of radiochromic film (Type: EBT 2, Manufacturer: International Specialty Products, NJ 07470, USA) was sandwiched between the two polystyrene plates at central plane of the phantom. Evidently the tissue equivalent EBT 2 film mimics a thin cross section through the eye ( 
Due to the severe overload of the cyclotron ion source, we refrained from the delivery of highest dose (100 Gy) at lowest proton energy (15 MeV), corresponding to 1 st histogram step (x).
After the completion of the proton exposure the EBT 2 film was scanned using an Epson XL 10000 scanner and subsequently evaluated with the well-known open source Image J software package and shown in Figure  5 . The proton depth dose distribution along the EBT 2 film, corresponding to un-attenuated and attenuated with 0.6 cm acryl glass are depicted in Figure 6 . The optical density of the background (penumbra) region was subtracted from the main zone of interest for proton dose calculations. A set of EBT 2 film samples was irradiated with protons with known doses in order to estimate the dose calibration constant used in this work [8] . Various investigators have validated the proton dose response linearity up to an exposure of 40 Gy [9] . Evidently, the peaks along the above depth dose distribution curve indicate Bragg-Peak of individual energy bin (Figure 4) , which are also visualized by the scanned EBT 2 film ( Figure 5 ).
Data analysis and results
Historical and simulated solar flare events
The proton spectra of the historical solar flare events as shown in Figure 1 were analysed and using equations 1 and 2 we have calculated the corresponding proton dose rate in eye as well fluence average the LET (Figure  7) . 
Proteus 230 cyclotron generated solar flare
We have further analyzed the proton depth dose distribution in EBT 2 film irradiated at our cyclotron (Figures 3) and plotted the ratio of proton doses with and without implementation of the 6mm thick acryl glass attenuator emulating the EVVA (indicated by "A" in Figure 5 ) as a function depth in EBT 2 film (Figure 8) . The dotted vertical line on the left hand side indicates for a 6mm thick acryl glass attenuator the value of proton dose ratio (D EVVA )/D no EVVA ) found to be 1.07 at the depth of 0.2 cm, i.e. the distance between lens from cornea ( Figure 2 ). In fact, we see a dose build up instead of dose reduction. On the other hand, at a distance of 1.75 cm the dose ratio dropped to 0.36. Therefore, by adding an extra 1.75cm thick acryl glass plate, we obtained a total EVVA thickness of 2.35 cm. Evidently, we shifted the point of minimum dose ratio to the location of the lens (L), allowing the predominant proton energy loss within the optimized EVVA, not in the lens. Here we have considered both acryl glass and radiochromic film EBT 2 are to be tissue equivalent [8] .
Summaries and conclusion
Energetic particles ejected from sun's corona during solar flare events are primarily made of protons with an energy distribution spanning between several tens of MeV to around 1 GeV. However, the proton fluence relevant to high-energy (E P > 200 MeV) tail of the solar flare spectra remains four orders of magnitude lower than the rest. This enables us to develop a solar flare spectra simulation set up using the therapeutic proton beam from a medical cyclotron delivering protons up to 230 MeV. Solar flares occur sporadically, thereby imposing a high risk of radiation exposures to astronauts undertaking EVA outside the well-shielded space vehicle, i.e. the ISS. The human eye is one of the critical organs; highly vulnerable to radiation induced deterministic damage like cataract formation or even a complete blindness. Unlike astronaut's limbs and torso, which are well enclosed in adequately thick space suit, the eyes merely protected by a few millimeter thick Extravehicular Visor Assembly (EVVA) made of acryl glass. This motivated us to set up the above described simulated solar flare irradiation facility for efficacy testing of EVVA usually made of acryl glass. We have constructed a physical eye model using acryl glass plates and implemented the historical solar flare (spectra) for dose and LET calculations.
In a second study we have simulated a solar flare spectrum as a 7-step histogram using the 230 MeV Medical-Cyclotron of WPE. The proton dosimetry was carried out using EBT 2 type radiochromic film. These EBT 2 films are tissue equivalent; hence, the depth dose distribution along the eye was directly estimated from the optical density of the film. The shielding efficacy (proton penetration) of a 0.6 cm thick acryl glass plate emulating the EVVA evaluated. The optimum thickness of the acryl glass EVVA was causing lowest proton dose in the lens calculated to be 2.35 cm.
Evidently the optimal EVVA thickness depends on the spectral distribution of the SFE, which vary sporadically (Figure 1 ). Hence, a higher weight of the low-energy bin lowers the thickness of EVVA and vice versa. However, the implementation of a too thick EVVA is impractical in space flight, due to an increased payload. The radiation exposure to astronaut's eye could be substantially reduced abiding the ALARA (As Low As Reasonably Achievable), i.e. by reducing the time interval between SFE arrival and a swift retreat of the astronaut in the mother vehicle.
The secondary neutron and gamma ray production in proton irradiated soft tissue equivalent material is quite low, i.e., 0.002 Sv/Gy (p) for 177 MeV energy, as reported elsewhere [10] . Hence, in cases of solar flares, where much lower energy protons are predominant (Figure 1 ), the effects of secondary particles could be ignored. In the practice of proton therapy the beam-energy degraders and range shifters are the main sources unwanted background radiations. However, those parts are located close to the cyclotron, far away from the treatment rooms, hence, having no effects in the primary proton field (this work).
The fluence average proton LET ~2.5 keV/µm (this work, Figure 7) found to be very close to that of 60 Co gamma rays, confirmed by TLD exposures [11, 12] . Hence, we have ignored LET dependence of EBT 2 film response (quench effect) in this work.
We have demonstrated that by manipulating the TPS [6] , a common 230 MeV Proton-Therapy cyclotron could be used to simulate solar flare proton spectra and utilized for testing of space suit components. The present set up is capable of irradiating a volume of ~ 25×25×20 cm 3 , i.e. the size of an EVVA attached to astronaut's helmet with simulated solar flares. One can enhance this volume by moving the PPS along the Y-axis in steps (Figure 3 ).
